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Abstract 
A phenomenological-based, strain rate dependent failure theory, which is suitable for the 
numerical modelling of unidirectional (UD) carbon fibre reinforced polymer composites 
(CFRP), is presented. A phenomenological-based approach is also proposed for the three-
dimensional (3D) modelling of strain rate induced material hardening in UD polymer 
composites. The proposed theory and approach are implemented in the Finite Element (FE) 
code ABAQUS/Explicit for one integration point solid elements. Validation is presented against 
experimental data from dynamic compressive tests using results available in the published 
literature.  
Conclusions indicate that the proposed method can be applied for predicting the elastic and 
failure properties of UD carbon fibre polymer composites for generic, 3D, quasi-static (QS) and 
high-rate loading conditions with very good accuracy. In particular, it is shown that the 
phenomenological approach to modelling here proposed allows prediction of all matrix 
dominated properties, i.e. moduli of elasticity and strength, including parallel-to-the fibres 
compression strength, with the knowledge of one strain rate dependent parameter, which is 
characterised using dynamic strength data for one specimen configuration.  
Key-words: A. Carbon fibres; B. Polymer-matrix composites (PMCs); B. Impact behaviour; B. 
Mechanical properties; C. Finite element analysis (FEA) 
1. Introduction 
Macro-mechanically based models have been developed to predict the 3D non-linear behaviour 
of polymer composites and these are founded on classic plasticity theories. One of the 
advantages of the models based on plasticity theories is that they can be easily extended for 
predicting strain rate effects, and can be implemented in FE for numerical analysis, e.g. [1], [2], 
[3]. These models typically require that parameters are defined from fitting of data from a full 
range of off-axis tests for predicting the composite’s behaviour in the generic case. The 
applicability of classic visco-plastic models, when the 3D plastic potential is not characterised, 
is in fact limited to uni-axial loading conditions [2]. Visco-plasticity combined with micro-
mechanics approaches have also been proposed, e.g. [4], [5]. These require that constituent 
elastic constants are determined from composite data using micromechanics, which is a 
limitation because it requires further computational effort.  
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 Dynamic failure theories have also been proposed for UD composites, but they typically require 
high-rate tests data to be produced for many different specimen configurations [6].  
The work described in the current paper is motivated by the need to surpass the above 
limitations. In order to achieve this, a constitutive modelling approach based on physically 
sound arguments should be preferred amongst the various available approaches. This is because 
phenomenological-based models have the potential to succeed in accurately simulating material 
behaviour in a loading space that extends beyond the space of characterisation of the material 
parameters requiring less fitting parameters to be determined from experiments.  
The objective of the current paper is two-folds: 1) to propose a new set of dynamic failure 
criteria, which includes a new criterion for dynamic fibre compressive failure and new 
phenomenological-based, strain rate dependent criteria for matrix tensile and compressive 
failure; 2) to propose a strain rate dependent, phenomenological-based hardening model, which 
can be used alternatively to classic visco-plasticity in combination with the proposed dynamic 
failure criteria.  
The proposed model can be applied to predicting strain-rate effects on matrix dominated elastic 
and failure properties of UD CFRP composites, and can be easily implemented into commercial 
FE software for explicit analysis. It is shown that its application, with numerical simulations, 
can dramatically reduce the characterisation effort and improve predictive capabilities when 
compared to other currently available approaches.  
2. Dynamic failure criteria for UD carbon fibre polymer composites 
2.1 Fibre tensile failure 
Experimental failure envelopes for UD composites subject to bi-axial loadings make it too 
difficult to conclude whether stresses other than xσ contribute to fibre failure. Thus, the 
maximum stress criterion is proposed here: 
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Where tX  is the tensile strength of the composite in the fibre direction, which is identified with 
the index x. tX  is assumed equal to the QS value also at higher strain rates, which is supported 
by experimental evidence [1], [7], [8], [9]. 
2.2 Fibre compressive failure 
Longitudinal compressive failure of UD composites is driven by shear mechanisms in a 
complex manner. A first crack may be started by shear fracture of the fibres, followed by 
rotation of the fibres and in-plane shearing of the matrix at the crack tip, which in turn promotes 
kink band development [10]. However, depending on the material, a kink band can also be 
promoted prior to fibre failure by an initial fibre misalignment [11]. Thus, compressive failure 
envelopes for combined compression/shear are strongly dependent on the material investigated, 
see Figure 1, which shows a selection of experimental results available in the literature [12], 
[13], [14].  
 Stress interactive failure criteria for composites have been developed from polynomials derived 
from stress tensor expansion, which is a technique originally proposed for failure analysis of 
metals [15], by including anisotropic strength parameters [16]. These classes of criteria, which 
can be also expressed in terms of the stress invariants [17], implicitly assume a perfectly aligned 
fibre arrangement. Phenomenological-based expressions have been proposed for predicting the 
pure longitudinal compressive failure strength from shear strength, and assume an initial fibre 
misalignment [18], [19], [20], [21]. In the latest and most advanced interactive criteria for fibre 
compressive failure [20], [21], the fibre-misalignment angle is required as an input material 
property, whose value may encompass anything from an actual fibre-misalignment to structural 
defects, oscillations in fibre volume fraction, matrix cracks etc. [21]. Thus, these criteria offer a 
good match with the experimental failure envelopes only when their calibration is carried out 
with some form of data-fitting.  For reasons of simplicity, the criterion for fibre compressive 
failure is here derived directly from polynomial-based curve fitting of the experimental failure 
envelopes, i.e. for QS loading: 
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Which, depending on the phenomenology of failure, offers a good fit for 1≥α , see Figure 1. 
When considering the shear nature of compressive failure mechanisms, it is not a surprise that 
most of the published data in the literature indicates that the longitudinal compressive strength 
of UD composites is greatly affected by strain rate [22], [23], [24], [25], [26], [27], [28].  
Hsiao and Daniel [25] proposed a graphical determination of the longitudinal compressive QS 
strength qscX based on the following relationship: 
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Where ϑ is the initial fibre misalignment, and *τ , *γ  are values of shear stress and strain as 
defined in Figure 2, which shows a typical stress strain curve for a UD carbon/epoxy composite. 
It is evident that, based on this graphical interpretation, xyyield S<<
*ττ , i.e. *τ  must be a value 
that is greater than the shear yield strength yieldτ  and lower than the shear failure strength xyS . 
Experimental evidence indicates that the shear yield strength increases more with strain rate 
than it does the shear failure strength, e.g. [29].  
Thus, the dynamic longitudinal compressive strength dcX of a composite with an initial fibre 
misalignment is here conservatively defined as: 
( ) qscxxydc XkX ε=         Equation (4) 
In which k  is a scaling function for strength, derived from fitting the shear strength vs. strain 
rate data, i.e.: 
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 Equation (4) is formulated with the assumption that under longitudinal compression, the in-
plane shear strain triggered by an initial fibre misalignment grows at a rate that has the same 
order of magnitude than the axial strain rate. The following criterion is thus proposed for 
predicting the compressive strength in the fibre direction, for QS and high-rate loading 
conditions:  
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Equation (6) is valid for transversely isotropic UD carbon/polymer composites with an initial 
fibre misalignment. For composites that fail as a result of shear failure of the fibres, the 
following criterion might be more suitable: 
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There are no failure envelopes in the literature for combined longitudinal compression/in-plane 
shear dynamic loading of UD polymer composites. The extreme ends of the failure envelope are 
validated in this paragraph. The shear components are trivially validated because the ( )ijijk γ  
scaling functions are directly calibrated using dynamic and QS shear strength data, this will be 
explained in Section 2.6.   
The normalised values of both longitudinal compressive strength and in-plane shear strength for 
various UD carbon/polymer composites are plotted versus strain rate in Figure 3. These values 
were taken from [30], in which experimental results from various works published in the 
literature were collated. Results in this Figure 3 imply the general validity of Equation (4). 
Only two works have been published in which both the longitudinal compressive strength and 
the in-plane shear strength were characterised for a same material at QS and dynamic loading 
rates, i.e. [25], and [29] in combination with [28]. The experimental results published in both of 
these works confirm that Equation (4) predicts the longitudinal compressive strength of the UD 
composites investigated with remarkable accuracy and over a wide range of strain rates, i.e. 
between 10-4 and 102 s-1, see Table 1. Also, experimental off-axis compression tests results have 
been published in the literature, e.g. [29]. The validation against off-axis data requires numerical 
simulations, and it will be shown in Section 4. 
2.3 Matrix tensile failure 
Advanced phenomenological-based matrix failure criteria for 3D QS failure analysis of UD 
composites have been recently formulated by Pinho et al. [21] based on previous work by Puck 
[31], Puck and Schurmann [32] and by Davila et al. [20]. The latest matrix failure criteria form 
the basis of the research work presented in this and in the next Section 2.4. In these sections, the 
applicability of the tensile and compressive failure criteria proposed in [21] for QS loading 
conditions is extended to dynamic loading conditions.  
The following criterion is proposed for matrix tensile dynamic failure:  
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Where the symbol ( )ϕx⊥  signifies a 3D rotation around the x-axis (fibre-direction axis) of an 
angle ϕ . The angle ϕϕ = , which satisfies Equation (8), determines the orientation of the 
fracture surface. Prior to matrix failure, the angle that maximises the functional part of Equation 
(8) defines the orientation of the "potential fracture surface" [21] for matrix tensile failure. The 
tensile strength of a pure polymer resin is strain rate dependent [33]. However, transverse tensile 
strength is dominated by the strength properties of the weaker fibre/matrix interface, which 
would greatly depend on the material system and fibre packing arrangement, i.e. not on the 
solely matrix properties. A quantitative analysis or data reduction of published experimental 
results for the pure matrix tensile strength is not even possible by virtue of the large scatter [34], 
[35], [36], [37], [38]. Thus, the matrix tensile failure criterion is formulated with the 
conservative and simplistic assumption that pure matrix tensile strength is independent of 
loading-rate. 
Off-axis failure properties of UD composites have been investigated in the open literature using 
compressive [6],  [25], [27], [29], [39], [40], or tensile [36] techniques. From these works it can 
be concluded that both in-plane and interlaminar shear strengths are strongly affected by strain 
rate. Hence, rate-dependent shear traction strengths ( ) qsxyyxyxdxy SkS '''' γ=  and 
( ) qsyzzyzydyz SkS '''' γ=  are used in the failure criterion for matrix tensile failure. 
2.4 Matrix compressive failure 
The following criterion is proposed for matrix compressive failure:  
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Where the symbol ( )ϕx⊥  signifies a 3D rotation around the x-axis (fibre-direction axis) of a 
trial angle πϕ ≤≤0  [31]. The angle ϕϕ = , which satisfies Equation (9), determines the 
"fracture plane" orientation. The “master fracture surface”, which defines the boundaries in 
stress space for the validity of the above criterion, was illustrated in [32]. Prior to matrix failure, 
the trial angle that maximises the functional part of Equation (9) identifies the orientation of the 
"potential fracture surface” [21] for matrix compressive failure. The angle qs0ϕ  identifies the 
fracture surface orientation for pure transverse QS compressive failure. This angle needs to be 
measured experimentally and it is typically found that 500 >
qsϕ  for UD polymer matrix 
composites. The transverse friction coefficient qstμ  is defined from the Mohr-Coulomb theory 
as: 
 ( )qsqst 02tan
1
ϕ
μ −=           Equation (10) 
The angle for dynamic pure transverse compression failure, d0ϕ , is found to be identical to qs0ϕ
in composites compressed at low, medium and high strain rates, from QS up to a thousand 
strains per second [30], [41], [42]. Thus, qst
d
t μμ =  in this regime of strain rates. 
The QS longitudinal friction coefficient qslμ can be derived using a simple orthotropic model 
[32]: 
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Where qsxyS is the QS shear strength, and 
qs
yzS is the QS out-of-plane shear strength. The latter is 
inversely calculated from the transverse compressive strength as: 
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However, from Equation (10) and Equation (11), with qst
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Which is validated using dynamic experimental results [29] – see Figure 4.  
Combining Equation (11) and Equation (13) gives:  
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Thus, one of the following must also be valid: 
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I.e. either: 
I. Longitudinal and transverse shear strengths have different enhancement as a function of 
loading rate, and the longitudinal friction coefficient lμ  is also affected by loading rate; 
or, 
II. Longitudinal and transverse shear strengths have an identical enhancement as a function 
of loading rate and the value of the longitudinal friction coefficient lμ does not depend 
on the loading-rate. 
Strain rate effects are produced by an isotropic polymer matrix and it seems feasible to assume 
that both the longitudinal and transverse shear tractions would show similar enhancement with 
increasing loading rate. This can be proved by using data published in the open literature when 
calculating the validity of the following equality: 
( ) ( )yzyzxyxy kk γγ  =         Equation (16) 
 Which is derived from Equation (14) with the assumption: dl
qs
ll μμμ == .  
Only a few works are found in the published literature in which both the transverse compressive 
strength and the longitudinal shear strength of UD polymer composites are characterised2 at QS 
and dynamic loading rates [25], [29], [6]. Transverse shear QS strength values are extrapolated 
from the transverse compression strength data for QS loading rates, using Equation (12) and 
530 =
qsϕ unless otherwise specified in the original paper. The same method is applied to 
extrapolate the transverse shear dynamic strength from the transverse compression dynamic 
strength, using the valid relationship qsd 00 ϕϕ = . Table 2 shows that available published data 
indicates that longitudinal and transverse shear strengths can be assumed identically affected by 
strain rate, within experimental scatter. Thus it can be concluded that the longitudinal friction 
coefficient should also be assumed strain rate independent, over the range of strain rates 
investigated. 
2.5 Summary of the dynamic failure criteria 
The validity of Equation (16) has important implications. It is in fact now possible to 
reformulate the set of the strain rate dependent criteria, Equation (6) plus Equation (7), and 
Equation (8) plus Equation (9) as follows: 
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Equation (17) is applicable for UD composites whose experimental QS failure envelope 
suggests kink-band development. Equation (18) is applicable for UD composites whose 
experimental QS failure envelope suggests both shear failure of the fibres or kinking depending 
on the loading case.  
Equations (17)-(20) differ from the earlier Equations (6)-(9) because the new set of criteria is 
formulated using one solely scaling function, i.e. ( )ik ε , which is characterised with QS and 
dynamic experimental strength data for one solely mode of deformation, e.g. xyγε  ≡4 . 
2.6 The scaling function 
                                                 
2 The longitudinal dynamic shear strength was not directly characterised in two of these works, but it can 
be easily extracted from the QS and dynamic failure envelopes, as proposed in [43]. 
 The scaling function ( )ik ε , which is the only strain rate dependent parameter required by the 
dynamic failure criteria, Equations (17)-(20), is calibrated using in-plane shear strength data 
from QS and dynamic tests. As emphasized by Koerber et al. [28], due to the dependency of the 
in-plane shear strength on the biaxial stress state, the in-plane shear strength can be determined 
from the 15˚ and 30˚ off-axis specimens with the extrapolation method proposed by Tsai and 
Sun [43]. When QS and dynamic shear strength is available, the scaling function ( )ik ε  is 
defined from a polynomial fit of the normalised in-plane shear strength versus shear strain rate 
values as follows:   ( ) xyxyxy KKKk γγγ  21021010 loglog ++=                         Equation (21) 
A second order polynomial is typically sufficient as shown in Figure 5, where typical UD 
carbon/epoxy QS and dynamic data are presented. 
3. Numerical implementation: predicting elastic and failure dynamic properties of UD 
composites with ABAQUS/Explicit 
Accurate modelling of the non-linear in-plane shear response is key to achieve accurate 
modelling of the matrix dominated, 3D elastic and failure dynamic properties. Also, strain-rates 
can be readily computed from strain increments and time step during an explicit analysis. The 
relevant equations are presented in this section in incremental form and they can be readily 
implemented into commercially available software for non-linear FE analysis with an explicit 
integration scheme, e.g. Abaqus/Explicit, LS-DYNA, etc.  
3.1 3D transversely isotropic elastic behaviour and non-linear elastic-plastic shear 
behaviour 
During the explicit analysis, the total strains and stresses are computed at the generic simulation 
time t  in incremental form, for a tΔ  time step, as follows:  
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Where a vector representation is used for strains and stresses with the following shorthand 
convention: ( ) ( ) ( ) ( ) ( ) ( )zxyzxyzyxi ≡≡≡≡≡≡= 6,5,4,3,2,1 . The stress increment vector 
tt
i
Δ+Δσ  is computed at each time step assuming linear elastic direct behaviour and non-linear 
(plastic) orthotropic shear stress-strain behaviour as: 
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With, 
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And where ii εγ 2=  are the engineering shear strains, with 4≥i .  
The direct behaviour is assumed transversely isotropic, i.e.  zy EE = , and zyyz νν = . The 
tangent shear moduli iG , are defined as: 
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The four coefficients kiG ,  need to be determined from polynomial fit of the experimental data 
for the ( )xyxy γτ , ( )yzyz γτ  and ( )zxzx γτ  behaviours. A maximum shear strain up to which the 
polynomial fits are valid, max,Pγ , is user defined:  
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Where for max,P
tt
xy γγ >Δ+ the tangent in-plane and out-of-plane shear stiffness are user defined 
through the parameter h  to improve the correlation between the curve fit and the test results at 
large shear strains. The model assumes that the material unloads in shear with initial shear 
stiffness 1,iG  and that inelastic strain is recovered upon complete unloading from inelastic states with 
zero associated stress. 
3.2 Modelling strain-rate induced material hardening 
Strain-rate induced hardening in metals can be explained by the theory of dislocations, whose 
motion and slipping is also governed by shear forces at the lattice scale, e.g. [44]. When the 
(shear) loading rate increases and overcomes the rate of recovery, more dislocations are 
generated and entangle, which is the reason for strain rate material hardening experimentally 
observed for these materials. A similar interpretation is typically given for polymers: their 
micro-structure is composed of molecular chains which flow with deformation [45], and thus 
can entangle if the deformation rate exceeds the rate of recovery.  
Based on these phenomenological observations, it could be argued that, for carbon fibre 
polymer composites, the solely mode of deformation that is strain rate sensitive is the matrix 
shear mode, and that strain rate effects on both strength and stiffness in modes other than shear 
are a 3D effect, due to the fact that the planes of maximum shear stress are at an angle to the 
principal planes of material symmetry.  
Strain rate would affect “progressive failure”, thus plastic flow and matrix cracking in polymers 
and polymer composites. These effects are typically not distinguished in current macro-
mechanical theories and are here referred to in a general manner as “strain rate effects”. Within 
this context, a distinction is made between the physical concept of “fracture surface”, which has 
originally been used in [31], and the physical concept of “surface of progressive failure”, which 
is here introduced to simulate resistance to progressive failure observed in composites subjected 
 to higher rate loading conditions. The “potential fracture surface” can be used to define the 
orientation of this plane, on which progressive failure, i.e. visco-plasticity effects when the 
focus is on strain rate effects, accumulates in a composite volume under generic loading 
conditions. This orientation, i.e. ϕ , is defined using the functional part of the matrix 
compressive failure criterion as follows3: 
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However, Equation (27) does not predict whether plasticity has or has not yet initiated, and 
visco-plasticity effects (hardening) can be predicted only when further data is available. Based 
on the phenomenological interpretation proposed in this work, the required information is 
obtained from pure shear loading data. The shear stress-strain curves of composites are typically 
non-linear, strain rate dependent curves. Their slopes provide implicit information on whether 
visco-plasticity has initiated at a given shear strain and the effects of this on the shear meso-
mechanical properties.   
Thus, strain-rate induced hardening can be predicted by modelling strain rate dependent shear 
stress-strain response on the “progressive failure plane”, whose orientation is predicted by 
application of Equation (27).  
In Section 2.4 it was proposed that, for transversely isotropic continuous fibrous composites, the 
effects of strain rate on the transverse (longitudinal) shear stress-strain behaviour in the rotated 
potential fracture plane can be assumed independent of the rotation angle. In this same Section 
2.4 it was also proved that the dynamic effects on the transverse shear stress-strain response in 
the plane of progressive failure are identical to those observed in in-plane shear experiments. 
Thus, the proposed approach for the 3D modelling of strain rate material hardening in UD 
polymer composites is the following: 
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3 the theory is formulated and validated for combined compression/shear loading conditions, but the 
combined tensile/shear loading cases are similarly treated following application of the criterion Equation 
(19), which is also based on application of the potential fracture surface concept. 
 
 Where the symbol ( )ϕx⊥  signifies a 3D rotation around the x-axis (fibre-direction axis) of the 
angle ϕ , which is defined in Equation (27) and ( )dyntti Δ+Δ σ is the dynamic stress increments 
vector, which is used in the explicit stress-update procedure, Equation (22).  
 
4. Validation 
The failure criteria and the approach for predicting strain rate induced material hardening are 
implemented in ABAQUS/Explicit for one-integration point solid elements.  The overall 
approach is validated against the experimental results of Koerber et al. [28], [29]. They tested an 
IM7-8552 UD composite under QS and dynamic off-axis and longitudinal compression using a 
Hopkinson bar, pulse shape technique and digital image correlation at the higher strain rates of 
~300/s-1. They also published the full set of axial stress-strain data, against which it is possible 
to test the predictive capabilities of the proposed modelling approach.  
Here, the criterion in Equation (17) is chosen because the IM7-8552 UD composite showed to 
fail by fibre kinking at QS rates [29]. 
One single element simulations are performed with the following material input properties, 
which are all directly extracted from the available experimental results [28], [29]: 
MPaEx 165000= ; MPaEE zy 7700== ; 3.0== zxxy νν ; 3.0=yzν ; 
MPaGG zxxy 56431,1, == ;  MPaGG zxxy 81.1086062,2, −== ; 
MPaGG zxxy 37.9405103,3, == ; MPaGG zxxy 6.29321044,4, −== ; MPaG yz 40001, = ; 
04,3,2, === yzyzyz GGG ; 07.0max, =Pγ , 05.0=h ; 2626.10 =K ; 0656.01 =K ; 02 =K  
520 =ϕ ; MPaX QSc 1023= ; MPaY QSc 255= ; MPaSS QSzxQSxy 100== . 
Figure 6 shows a comparison between the experimental [29] and the numerical in-plane shear 
QS behaviours. This Figure 6 illustrates the validity for the extracted values of the fitting 
parameters, kxyG , , and of the parameters max,Pγ and h .  
Figure 7 shows a comparison between the experimental and the numerical in-plane dynamic 
shear behaviours. This Figure 7 illustrates the validity of the extracted iK constants of the rate-
dependent function k . The stress-strain curves in Figure 7 have been truncated at a value of in-
plane shear strength extrapolated from the 15˚ and 30˚ off-axis data, as discussed in Section 2.4.  
One-solid element numerical simulations are conducted for longitudinal compressive QS and 
dynamic loadings conditions, and results are presented in Figure 8. Simulations are then carried 
out for the full range of off-axis and transverse compression specimen configurations 
investigated in [29], and a comparison between experimental and numerical axial stress-strain 
results is presented in Figure 9. 
5.  Discussion  
The numerical curves in Figure 8 and Figure 9 are truncated at the predicted value of failure 
stress, which shows that the implemented failure criteria can predict strength values for all off-
axis, transverse and longitudinal compressive cases, which are in excellent agreement with the 
experimental results, for both QS and dynamic loading conditions.  Strain rate induced material 
hardening effects are also excellently captured at the higher loading rate. The moduli are 
 predicted very accurately for all dynamic cases. This validates the use of a same strain rate 
dependent scaling function for both strength and moduli, on the potential surface for progressive 
failure, at least for the IM7-8552 UD composite material here investigated.  
The experimental curves in Figure 9 show non-linear stress-strain behaviour at higher off-axis 
angles and for transverse compression. This is not captured in the simulations because non-
linear material response is modelled only for the in-plane and out-of-plane shear behaviours in 
the present work, and not for the direct behaviour. The development of a suitable approach for 
phenomenological-based modelling of direct non-linear stress-strain behaviour should be 
addressed by future research. This could be formulated using a definition of plastic strain based 
on an equivalent shear strain defined on the plane of progressive failure, similarly to what 
originally proposed in [46].  
The applicability of the proposed approach is validated for combined compressive/shear loading 
conditions, but it should be assessed also for off-axis tensile loading conditions. This has not 
been attempted here for the lack of detailed experimental results in the literature. Off-axis 
tensile dynamic tests results should be generated because a different strain rate sensitivity of the 
composite compared to the compressive case might be expected due to a combined effect of 
hydrostatic pressure and strain rate, which has been observed experimentally [26]. 
Finally, it is noted that based on the excellent agreement achieved for strength and moduli for 
all off-axis configurations, the scaling function k , which has been here extracted from in-plane 
shear strength data, could have also been extracted with an inverse approach using data 
generated from any other off-axis angle, or from the pure transverse compression strength data, 
or even from the QS and dynamic longitudinal compression strength data.  
6.  Conclusions  
Predicting the dynamic behaviour of UD polymer composites is a difficult task because of their strongly 
anisotropic elastic and failure behaviour. Also, characterisation of their dynamic behaviour requires 
application of complex, time-consuming and non-standard experimental techniques.  
Classic approaches based on visco-plasticity formulations, and currently available dynamic failure 
theories, typically require calibration using either dynamic tests data for many different specimen 
configurations, i.e. off-axis dynamic compression at many different angles, or micro-mechanical 
simulations. 
This paper has proposed a novel macro-mechanical approach for the FE modelling of 3D strain rate 
effects in UD carbon fibre polymer composites, which is based on phenomenological sound arguments.  
It has been shown that the off-axis compressive dynamic behaviour of UD carbon fibre polymer 
composites can be fully predicted, i.e. moduli and strength, when data is produced from a very limited 
number of QS and dynamic tests for one solely specimen configuration.  This is a dramatic improvement 
compared to what is required for applicability of other currently available modelling techniques. The key 
to achieve this was to postulate that, for carbon fibre polymer composites, the solely mode of deformation 
that is strain rate sensitive is the matrix shear mode, and that strain rate effects on both strength and 
stiffness in modes other than shear are a 3D effect, due to the fact that the planes of maximum shear stress 
are at an angle to the principal planes of material symmetry.  
 The proposed approach is easy to implement in FE, and it is shown to predict material behaviour in an 
uncharacterised dynamic loading space with great accuracy. Thus, it can not only be applied for virtual 
design of composite structures subjected to dynamic high-rate loading conditions, but also for virtual 
dynamic characterisation of UD carbon fibre composite materials.  
It is noted that the shear and direct behaviours are fully decoupled in the proposed approach. Thus, a 
method for predicting the dynamic behaviour of UD composites with strain rate dependent fibre 
properties, such as glass or high performance fibre composites, can be seen as the natural extension of the 
current approach, where direct strain rate dependent material behaviour is also included for the modelling 
of strain rate dependent fibre properties. This will be the object of future research. 
Future research should also clarify the effects of compressive loading (hydrostatic pressure) on the 
characterised strain rate dependent behaviour and scaling function. This could be achieved by 
experimental characterisation of both the tensile and the compressive off-axis dynamic behaviours.  
Finally, the proposed approach could be further modified to include the modelling of material non-linear 
behaviour for direct matrix dominated modes of deformation. This could also use phenomenological-
based arguments and the concept of “plane of progressive failure” described in this paper. 
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Table 1. Validity check for Equation (4) 
Material qs
cX (test) 
d
cX (test) 
d
cX (Equation (4)) Strain Rates
IM6G/3501-6 [25] 797 MPa 1238 MPa 1162 MPa 10-4 – 102 s-1 
IM7-8552 [28] 1023 MPa 1417 MPa 1405 MPa 10-4 – 102 s-1 
 
 
Table 2. Validity check for Equation (16) 
Material Percentage error in Equation (16) Strain rates 
IM6G/3501-6 [25] 1.8% 10-4 – 300 s-1 
IM7-8552 [29] 5.3% 10-4 – 350 s-1 
AS4/3501-6 [6] 0.48% 10-4 – 400 s-1 
 
 
